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ABSTRACT 

We report on Chandra X-ray Observatory (CXO) High-Energy Transmission Grating (HETG) spec- 
tra of the dipping Low Mass X-ray Binary (LMXB) lA 1744-361 during its July 2008 outburst. We 
find that its persistent emission is well modeled by a blackbody {kT ~ 1.0 keV) plus power-law 
(F ^ 1.7) with an absorption edge at 7.6 keV. In the residuals of the combined spectrum we find a 
significant absorption line at 6.961±0.002 keV, consistent with the Fe XXVI (hydrogen-like Fe) 2-1 
transition. We place an upper limit on the velocity of a redshifted flow of w < 221 km s~^. We find an 
equivalent width for the line of 27^3 eV, from which we determine a column density of 7± 1x10^^ cm"^ 



via a curve-of-growth analysis. Using XSTAR simulations, we place a lower limit on the ionization 
parameter of > lO'^'^ erg cm s^^. The properties of this line are consistent with those observed in 
other dipping LMXBs. Using Rossi X-ray Timing Explorer (RXTE) data accumulated during this 
latest outburst we present an updated color-color diagram which clearly shows that lA 1744—361 is 
an "atoll" source. Finally, using additional dips found in the RXTE and CXO data we provide an 
updated orbital period estimate of 52±5 minutes. 

Subject headings: line: identification — binaries: general — stars: individual(lA 1744—361) — stars: 
neutron — X-rays: binaries — X-rays: stars 



1. INTRODUCTION 

lA 1744—361 is a neutron star Low Mass X-ray 
Binary (LMXB) discovered by the Arie l V satellite 
(jPavison et al.lll976l : [Carpenter et al.lll977| ). This source 
is a transient LMXB, and several outbursts have been 
observed with a number of missions, most notably 
the Rossi X-ray Timi ng Explorer (RXTE). In 2001 
lEmelvanov et al.1 (|2001h discovered a burst from the di- 
rection of lA 1744—361, however, it could not be un- 
ambiguously identified as a thermonuclear burst. The 
first thermonuclear (ty pe I) burst from lA 1744—361 was 
discovered by Bhattach arvva et al.l (|2006af ) using RXTE. 
This type I X-ray burst exhibited a 530-Hz burst oscilla- 
tion which provided a measurement of the neutron star's 
spin frequency. The burst also provided an upper limit 
of d < 9 kpc, under the assumption that its maximum 
luminosity could not exce ed the Eddington lu minosity 
for a 1.4-M0 neutron star (jBhattacharvva er^l.ll2006al ). 

This source also shows regular incidents of intensity 
"dips" in its X-ray emission. According to iFrank et al.l 
()1987l ). such dips are produced by obscuring mate- 
rial associated with a structured accretion disk. Dips 
would only be visi ble for inclination angles 60°^ i J; 80° 
()Frank et al.l 119870 . In principle dips could occur ev- 
ery orbital cycle, however, because of variations in the 
obscuring material in the disk, the presence of dips of- 
ten varies from cycle to cycle and from source to source. 
The dips observed in lA 1744—361, as is the case for 
other dipping LMXBs, exh ibit complex structure (see 
iBhattacharvva et al.|[2006ai Fig. 4). By measuring the 
spacing between two closely spaced dip episodes observed 
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by RXTE, IBhattacharvva et all (|2006af) estimated the 
orbital period of lA 1744—361 to be ~97 minutes, how- 
ever these dip episodes were separated by a data gap, 
thus not precluding shorter orbital periods. 

Narrow absorption features have been seen in 
the persistent emission of many "dipping" LMXBs. 



For example, XB 1916-053 (iBoirin et al 



X 1624-490 (jParmar et al 



m pie, J 

llaria et all I2006D. 

4U 1323-62~ ([Boirin et al.l l200l 

prominent features are the Fe 



By far, the most 
XXV (He-like) and 
Fe XXVI (H-like) lines. The ubiquity of narrow features 
in dipping LMXBs suggests that they are a property 
of all LMXBs, but are seen predominately in dipping 
LMXBs because t heir particular geometry is optimal 
for v iewing them ijDfaz Trigo et al.] 120061 : iBoirin et al.l 
l2005l ). These features allow one to probe the structure, 
dynamics, and evolution of the material surrounding 
the neutron star. Thus, the spectral properties of 
lA 1744-361 are of great in terest. Using RXTE data, 
IBhattacharvva et al.l ( 2006b( l found that the persistent 



spectrum of this source i s well modeled by a Comp - 
tonized blackbody model (jBhattacharvva et al.ll2006"bl ). 
and they also found evidence of a broad (~0.6 keV) 
iron emission feature at ^^6 keV and an iron absorption 
edge at ~8 keV. RXTE is not sensitive to narrow 
spectral features given its coarse spectral resolution and 
large FOV, thus, during the July 2008 outburst of this 
source we triggered Chandra X-ray Observatory ( CXO) 
Target-of-Opportunity observations for this purpose. 

In § [2] we present our analysis of the CXO (§ 12. 1|) and 
RXTE (§ 1221) data from lA 1744-361. In ^ |2XT] we 
present high resolution spectra of the source in which we 
find a Fe XXVI absorption feature. In S 12.2.11 we present 
an updated Color-Color diagram, and in §|2T3]we describe 
how we used the new observations of dips to constrain 
the orbital period of the source. In § [3] we discuss our 
results. 
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2. ANALYSIS 

2.1. CXO Observations 

During lA 1744-361's last outburst in July 2008, we 
triggered three CXO ToO Observations. These observa- 
tions are summarized in Table [T] In order to search for 
narrow absorption features such as those seen in other 
dipping LMXBs the data were taken with the High- 
Ener gy Transmission Grating (HETG ICanizares et al.l 
120051 1 aboard CXO. The HETG consists of two arms, 
the High Energy Grating (HEG) and the Medium En- 
ergy Grating (MEG). The HEG is sensitive to pho- 
tons in the 0.8—10 keV band with a resolving power of 
£'/Ai;--1000 at 1 keV, and the MEG is sensitive to pho- 
tons in the 0.4—5.0 keV band with a resolving power of 
660 at 0.8 keV. The gratings were operated with ACIS 
which enables separation of the individual diffraction or- 
ders, m — ±1,±2,±3, and a nondispersed zeroth order 
image is also obtained. We inspected all dispersed or- 
ders, however, for our analysis we concentrated on the 
|r7i| = 1 data because its effective area is more than an 
order of magnitude greater than the other orders for both 
the MEG and the HEG. Data in the different orders can 
be combined, however they have different spectral and 
spatial responses and thus we avoided doing so, lest we 
smear out any narrow features. 

2.1.1. High Resolution Spectroscopy 

For each HETG arm and dispersed order we extracted 
a source and background spectrum starting from the 
level 2 events file. We then created a response matrix 
and ancillary response file for each arm and order fol- 
lowing the standard CXO analysis threads. We then 
grouped the spectra so that there were no less than 60 
counts per bin after background subtraction. We used 
XSPEC* vl2.5.1 for subsequent spectral modeling. We 
fit the MEG data to a photoelectrically absorbed black- 
body and power-law model. The MEG data was well fit 
by this model, and there were no significant deviations. 
We then analyzed the HEG data and fit the same spec- 
tral model with an absorption edge at ^--^7.6 keV, because 
of the HEG's higher response to photons above 5 keV. 
For the HEG we ignored bins above 8 keV because of 
their diminished statistics. A photoelectrically absorbed 
blackbody-|-power-law-|-edge model fits well, see Table [Tl 
however, the residuals showed a clear deviation from the 
model at 6.96 keV in the 5 July 2008 (Fig. [1] panel lA 
and IB) and 7 July 2008 (Fig.[T]2A and 2B) observations. 
There were no comparable deviations in the 6 July 2008 
observation, however, a hint of the feature could be seen 
at 6.96 keV. We noticed that the feature was primarily 
in the m — —\ and not the m = 1 spectra, in princi- 
ple the two should have comparable spectra, since they 
have comparable responses and effective areas in that en- 
ergy range, however, dithering could affect the spectrum 
and smear out the feature, which is what we suspect 
happened to the order m = 1 spectrum. We do not be- 
lieve the feature is an instrumental artifact because then 
it would be seen in all to = —1 HETG observation of 
lA 1744-361. 

In order to increase the signal-to-noise ratio of the fea- 
ture we combined all three observations and their ancil- 









■a 4 
It 



(lA) 



I I I I I I 



I I I I I I 




(2A) 



I I I I I I 



I I I I I I 



(2B)J 



I I i i I I 



I I i i I I 



(3A) 




1 2 3 4 5 6 7 8 

Energy (keV) 

Fig. 1.— HEG order m = -1 spectra of lA 1744-361. Panels 
lA, 2A, and 3A corresponds to the 2008 July 5, July 6, and July 
7 observation, respectively. The red curve represents the best fit 
spectral model, see Table [T] for details. Panels IB, 2B, and 3B 
display the residuals, in terms of cr from the model, after fitting for 
the best-fit spectral model. Notice the highly significant deviations 
from the model at 6.961 keV in Panels IB and 3B . 

lary response files. The combined spectrum is displayed 
in Fig. [21 and the 6.96 keV feature can be clearly seen 
(Fig. [21 inset). In the combined spectrum the line is 
clearly resolved. Assuming that the line is broadened be- 
cause of the thermal Doppler effects, then the line profile 
close to the peak should resemble a Gaussian: 



1 



exp 



(1) 



where Ei is the line energy of the ion, and the line width, 
AE, is given by, 

AE = E,{kT/m,c^y^\ (2) 

here, rui is the ion mass and kT is the kinetic tempera- 
ture (see lRvbicki fc Lightmanlll979l ). Fitting Eq.[l] times 
a normalization to the line profile we obtain a line energy 
of Ei — 6.961 ± 0.002 keV and a standard deviation of 
AE = 15.5 ± 2.3 eV. The theoretical properties of the 
Fe XXV (He-like) and the Fe XXVI (H-like) lines, the 
most prevalent lines in dipping LMXB spectra, are listed 
in Table [2l These values were obtained from the online 
line finding li st^ provided by the XSTAR emission model- 
ing package (jKallman fc Bautistall200l[ ). The peak en- 
ergy is consistent with the Fe XXVI n = 2 — 1 transition, 
and according to Eq. [21 our measured line width corre- 
sponds to a kinetic temperature of kT = 254 ± 2 keV. 
Using the difference between the observed, Ei, and rest 



' |http: //xspec .gsfc. nasa.gov I 



^ |http: //heasarc.gsf c.nasa. gov/docs/sof tware/xstar/xstar .html| 
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TABLE 1 



Parameter^ 


2008 July 5 


2008 July 6 


2008 July 7 


Total 


Obs. ID 


9884 


9885 


9042 




Exposure (ks) 


24.2 


21.0 


30.4 


75.6 


Count Rate (counts s~^) 


4.9±0.02 


4.86±0.02 


5.02±0.02 


4.927±0.009 


Continuum Model 


Nh^ (x1022 cm-2) 
i?Edgo" (keV) 

d 

T^Edgo 

fcTbb<= (keV) 
Rhb^ (km) 

ibol*^ (Xl0='6 ergs-i) 
i PL 

Power-law Flux' (xlO~® erg cm~^ s~i) 


'■00-0. 05 
l-*-0.2 

98+° °® 

4 8+°-* 

2 6+°-^ 
^■"-0.3 

1 64+°°® 
1 26+°-°'* 


n 0^+0.03 

^"^^-O.OS 
7 7,+0.01 
'•'•-'-0.01 

n p; + 1.3 

1 05 +°-" 
4 4+0-7 

^•^-0.6 

1 p:i+0.07 
^•^1-0. 05 
1 39+°°* 

^••-"^-o.oe 


44+0-03 
^^•^^-0.03 
7 699+° °i^ 

c + 1.3 

•^•''-o.e 

1 09 +°°'' 
4 4+0.4 

^•^-0.3 
q t; + 0.5 
•^•^-0.4 

1 8n+0-07 

1 14+0-05 
^•^^-0.06 


414+0-006 

7 645+° °°'' 
'■D'iO_0.015 

-1 17+0.10 

^•^'-0.09 

1 06+°°^ 

4 3+0-2 

^••-'-0.2 
Q 1 +0.2 
•^•1-0.2 
1 f;o+0.02 
^•°*'-0.02 
-I 9t-+0.03 
^•^^-0.02 


Total FW (xlO-^ erg cm-^ s"!) 


1.399 


1.368 


1.241 


1.367 


X?,oP [DoF] 


0.70 [1490] 


0.69 [1333] 


0.77 [1883] 


0.83 [3407] 



Fc XXVI line Properties 



(keV) 


6.97±0.03 


6.97±0.23 


6.961±0.002 


AE' (eV) 


<50 


< 229 


15.5±2.4 


Wb™ (eV) 


oq+lS 


<40 


271^ 


FWHM° (km s-i) 


<23192 


< 5065 


1613±21 


N° (xlO^^ cm^^) 


10112 


<13 


7 4+1-1 
'-^-1.0 



^ All errors represent l-a uncertainties.'' Hydrogen column density.'^ Absorption edge energy threshold. 'I Maximum depth of absorp- 
tion edge at energy threshold.'^ Blackbody temperature. ' Blackbody radius as determined from the normalization of the blackbody 
component and assuming a distance of d=9 kpc (the upper limit on the distance to the source). ^ Bolomotric luminosity as determined 
from the normalization of the blackbody component and assuming a distance of d=9 kpc (the upper limit on the distance to the 
source).'' Index of power-law component.' Unabsorbed 2—10 keV flux of the power-law component. j Unabsorbed 2—10 keV flux of 
the combined model. Line energy, see Eq. [T]' Line width, see Eq. [T]"' Equi valent width of the line." FWHM of the line in units of 
velocity." Column density of the ion as determined by a COG analysis, see ^ 12. 1.21 for details. 



TABLE 2 

Theoretical Properties^ of the Fe XXV (He-like) and 
Fe XXVI (H-like) line. 



Ion 


Eg'' (kcV) /<= A„;<1 (xl0i4 s-i) 


FeXXV 
Fe XXVI 


6.70010 0.775 5.033 
6.96614 0.408 2.863 


^ All parameters 


were provided by the XSTAR online line finding list 


http : //heasarc 


gsf c . nasa . gov/docs/ software/ xstar /xstar . html I'' 



energy, Eq, of the hne (see Table[51 we can determine the 
velocity of the absorbing material via {Ei— Eq) / Ei = w/c, 
for which we find v < 221 km s~^. We can only place an 
upper limit of the flow velocity because the wavelength 
difference we measure (AA = 0.001 A) is less than the ab- 
solute wavelength accuracy (AA = 0.006 A) of the HEG, 
see the Chandra X-ray Center's Proposer's Observatory 
Guide^. 

2.1.2. Curve-of -Growth Analysis 

A curve-of-growth (COG) analysis allows one to re- 
late the equivalent width. We, of a spectral line to the 
column density, N , of the absorbing ion. XSPEC pro- 
vides a function which computes the equivalent width of 
a line, for which we obtain We = 27^3 eV. To verify 
our XSPEC-measured equivalent width, we also computed 
the equivalent width analytically, by assuming that in the 
spectral region of interest the continuum is dominated by 

® |http: //cxc. harvard ■ edu/proposer/POG/pog_pdf .htmll 



the power-law component. Our analytically determined 
equivalent width, 29.8 eV, was consistent with the value 
found using XSPEC. 

In order to calculate the colu mn density w e com - 
put ed theoretical COGs following iKotani et al.l ()2000l ) 
and lRvbicki fc LightmanI (|1979D . The equivalent width. 
We, of the line is related to the optical depth, r via 



En- 



We^ (1 - e-^)dE, 



(3) 



here r — Ns(f>, where N is the column density, (p is the 
line profile shape, and 

s ^ nfe^ /rriiC. (4) 

where / is the oscillator strength (see Table [2]), and nie 
and e is the electron mass and charge, respectively. Note, 
there is also a temperatu re dependent t erm in Eq. [4] 
which we ignored because iKotani et al.l ()200Clf ) showed 
that the contribution of this term is negligible. The over- 
all line profile, </'(£', kT) is found by convolving the line 
profile due to thermal broadening (^g i Eq. [T]) , and the 
line profile due to coUisional broadening (0l), which has 
a Lorentzian profile, i.e. 



ME) 



An^iE-Eo)^ + (/t7/2)2' 



(5) 



where 7 is the sum of the Einstein coefficients, A„;, over 
all lower energy states (see Table [5]). Using the kine- 
matic temperature found above, we then numerically in- 
tegrated Equation [3] to obtain our COG which is dis- 
played in Figure [3l Using the error on the dynamic tem- 
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Fig. 2. — The sum of the three HEG m = -1 spectra of lA 1744-361 displayed in Fig [T] The red curve is the best fit model 
(photoelectrically absorbed blackbody plus power law times an edge, see text for details). IB: The residuals, in terms of a from the 
model, after subtracting the best-fit model displayed in Panel IB. Notice the highly significant deviations from the model at 6.961 keV 
corresponding to the Fe XXVI transition. Inset: An expanded view of the residuals around the Fe XXVI feature. The red curve is the 
best fit Gaussian line profile which has a centroid at = 6.961 ± 0.002 keV with a width of Ai? = 15.5 it 2.3 eV, see text for details. The 
Fe XXV is not statistically significant, however we fit for it in order to place an upper limit on its column density. 
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Fig. 3.— Curve-of-Growth (COG) for the Fe XXVI absorption 
line observed in the persistent emission of lA 1744—361: Equiva- 
lent width versus column density for a kinematic temperature of 
kT = 254 keV. The error on the COG due to the error on the 
temperature would be smaller than the thickness of the line. The 
horizontal dashed line indicates the position of our measured equiv- 
alent width, and the dotted lines are the upper and lower bounds 
on the equivalent width. The dashed-dotted line represents the 
extrapolation of the "linear regime" of the COG . 

perature and the equivalent width we can obtain a con- 
fidence region for the Fe XXVI column density. We find 



Fo XXVI 



= 7.4^ 



1.0 



for Fe XXVI. 



2.1.3. Ionization Parameter 



Although the presence of the Fe XXVI feature is clear, 
there was no discernible Fe XXV feature. However, an 
upper limit on the column density of the Fe XXV can 



where L is the luminosity of the source, r is the dis- 
tance from the central object to the absorber, and n,, 
is the electron number density. The electron number 
density, is related to the electron column density, A^e, 
via Ue = Ne/Ar, where Ar is the thickness of the ab- 
sorbing slab. In order to measure the equivalent width 
of the Fe XXV transition, we fit for such a line using 
our combined spectrum, see Fig. [5] (inset). Then, using 
XSPEC, we measured the equivalent width in the same 
manner as for Fe XXVI. We then generated a COG for 
Fe XXV using the corresponding oscillator strength and 
Einstein coefficient (see Table [2]). From our COG anal- 
ysis we place an upper limit on the column density of 
Fe XXV of iVpoXXV < 6.3 x lO^^ cm'^. To calculate ^ 
we ran simulations of an ionized absorber using XSTAR. 
We assumed a spherical distribution of material and we 
used the standard spectral shape of a power-law with 
a spectral index of 2. We created a grid of ionization 
parameters and relative abundances using different ini- 
tial choices for the electron density and luminosity. As 
an upper limit on the choice of luminosity we used the 
bolometric luminosity as measured from the blackbody 
component, L < 3.5 x 10^^ erg s^^ (see Table [1]). Our 
plot of ^ as a function of the ratio of the column den- 
sity of Fe XXV to Fe XXVI is shown in Fig. H Given 
that the relative abundance of Fe XXV to Fe XXVI is 
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Fig. 4. — Ionization parameter, ^, as a function of the relative 
abundance of Fe XXV to Fe XXVI as determined by our XSTAR 
simulations, see § 12.1.31 for details. The vertical dotted lines rep- 
resents our upper limit on the relative abundance of Fe XXV to 
Fe XXVI which places a lower limit on the ionization parameter 
of 5 > lO-^'^ erg cm s"^ . 

less than 0.09, this places a lower limit on the ionization 
parameter of ^ > 10^'^ erg cm s~^. 

2.2. RXTE Observations 

The high time resolution data presented here were 
obtained from the Proportional Counter Array (PCA) 
aboard RXTE. The PCA is made up of 5 independent 
proportional counter units (PCUs). Each PCU is made 
up of three Xenon/Methane layers and an uppermost 
propane veto layer. The PCUs are sensitive to pho- 
tons in the ^--^2-60 keV band binned into 256 channels. 
The PCA and can time tag a photon to an accuracy 
of '^l ^s. RXTE provides two standard data modes. 
Standard-1 mode lightcurves with 0.125-s temporal bins 
and is summed over all spectral channels. Standard-2 
data provides lightcurves with 16-s time bins and is 
grouped into 129 spectral channels. As well as the stan- 
dard modes, there are several user selected modes avail- 
able. The ones used here include GoodXenon and Event 
mode. GoodXenon mode provides the full temporal and 
spectral resolution. Event mode data provides high-time 
resolution but often at slightly lower time resolution than 
GoodXenon, and the spectral channels are grouped using 
different grouping schemes, but often preserving 64 spec- 
tral channels. 

2.2.1. Color- Color Diagram 

We created a color-color diagram using the 
Standard-2 data. Each PCU has different energy 
response, and PCUs and 1 have lost their veto propane 
layer. PCU 2 is the most reliable, thus in our analysis 
we used only photons from the top Xenon layer of 
PCU 2. For count rates below 20 counts/s we used 
2048-s long intervals, for count rates between 20 and 
40 we took 512-s long intervals, and for the highest 
count rates we used 256-s long time intervals. For each 
spectrum we generated a model background using the 
FTDDL pcabackest. We defined our colors as follows: 
our soft color is the ratio of counts in the 2.30—3.54 keV 
band to that in the 5.19—3.54 keV band, and our 
hard color is defined as the ratio of the counts in the 
5.19-8.52 keV band to that in the 8.52-17.74 keV 
ba nd. Our color-color d iagram is displayed in Fig. O 
In iBhattacharvva et al.l (|2006bf ) the authors reported 



that the source exhibited atoll-like behavior, however 
a Z-source track could not be unambiguously ruled 
out. The additional RXTE data presented here clearly 
display atoll source behavior. 

2.2.2. Timing Analysis 

IBhattacharvva et al.l (j2006ar ) reported a tentative 
(2.3 a detection) of an 800-Hz quasi-periodic oscilla- 
tion (QPO) for lA 1744-361. Using all the available 
RXTE event data of lA 1744-361, we searched for low- 
frequency and kHz QPOs. In our search we broke up 
our lightcurves into 250 s intervals. We found no highly 
significant 3-cr) QPOs. The most significant QPO we 
found was a low frequency QPO at 29 Hz QPO for an 
observation on 2008 July 17 (Obs. ID 93155-01-06-03) 
at a significance of 3.0 a. 

In the RXTE archive we find a total of three thermonu- 
clear bursts from lA 1744—361. These bursts are dis- 
played in Figure m The first burst occurred on 2005 July 
16 (obs. ID 91050-05-01-00 ) and was first reported by 
IBhattacharvva et al.l ()2006aD . This burst is the brightest 
observed from this source thus far (see F ig. |6| Panel A). 
Using its luminositv IBhattacharvva et al.l (|2006al) placed 
an upper limit on the distance to the source of d <9 kpc. 
The second and third bursts occurred on 2008 June 24 
an d 2008 July 25, respectivel y (see Fig. [6] Panels B and 
C) . IBhattacharvva et al.l (|2006a) had found a significant 
burst oscillation in the first burst. We searched the other 
bursts for burst oscillations but found no comparable sig- 
nals. 

2.3. Dip Timing Analysis 

In an attempt to constrain the orbital period of 
lA 1744-361, we studied the dips of this lA 1744-361. 
There were 11 independent dip episodes in the RXTE 
archive, where a dip episode comprises of a single dip 
or a cluster of closely spaced dips. A single short 
(^2 s) dip was also observed in the 5 July 2008 CXO 
observation. Using two closely spaced dip episodes, 
[Bhattacharyya et al. (2006a) were able to estimate the 
orbital period of lA 1744-361 as 97±22 minutes. How- 
ever, these dip episodes were separated by a data gap, 
thus not precluding a shorter period. 

In order to e stablish whether the period found by 
IBhattacharvva e t al. (2006a) is consistent with the ad- 
ditional dips, we performed the following analysis. We 
generated an array of sine waves with periods between 
P = 3 and P = 94 minutes in steps of 10^^ minutes. 
Assuming that dips only occur in a particular range of 
orbital phase, we determined which of the sine waves 
satisfy the following conditions for all dip episodes: The 
center of all the dip episodes has to be within 0.2 cycles 
of the crest of the sine wave, and the 0.2 cycles around 
the trough of the sine wave could not contain a dip-free 
interval. This yielded 509 sine waves with orbital periods 
in our range that satisfied the above conditions. We then 
grouped these remaining permissible orbital periods into 
a histogram of bin size 1.8 minutes. The histogram is 
sh own in Figure [71 Noti c e that the orbital period found 
by IBhattacharvva et al.l (l2006af ) is not ruled out, how- 
ever, the observations seem to favor roughly half that 
period. The mean of the distribution displayed in Fig- 
ure [7] is 52 minutes and its standard deviation is 5 min- 
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Fig. 5. — Color-Color diagram of lA 1744—361 as observed by RXTE. Left: Hard color versus Soft color, sec !j2.2.1l for details. Right: 
Hard color versus Intensity. From both panels notice that lA 1744—361 exhibits atoll-like behavior. 
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Fig. 6. — The thermonuclear X-ray bursts observed from 
lA 1744-361 with RXTE. The lightcurves are background sub- 
tracted 0.125-S lightcurves generated using the full PCA energy 
band. The bursts were observed on 2005 July 16 (A), 2008 June 
24 (B), and 2008 July 25 (C). 

utes. Thus we refine the orbital period estimate of this 
source to 52±5 minutes. 

3. DISCUSSION 

Using three pointed CXO HETG observations of 
lA 1744—361 during its latest outburst we have dis- 
covered a significant 6.961 keV absorption feature in 
its persistent spectrum. The 6.961 keV absorption fea- 
ture was present in the first and third CXO observa- 
tion, and is well resolved in the combined spectrum. We 
have identified this feature as the Fe XXVI (hydrogen- 
like Fe) 2-1 transition . We find no evidence for lines 
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Fig. 7. — Histogram of orbital periods that ensure that dips 
episodes occur at the same orbital phase to within ±0.2 cycles. 
We stepped through orbital periods between 3 and 120 minutes in 
steps of 10~^ minutes. The ordinate shows the number of periods, 
grouped into 1.8 minute bins, that satisfied the conditions we set 
out in ij 12.31 The interval centered on 97 minutes shows the inter- 
val derived by Bhattacharyya et al. (2006a). Our timing analysis 
shows that the most likely orbital period is 52±5 minutes, which 
ag rees within the u ncertainties with half the orbital period derived 
bv IBhattacharvva et al.. (,2006a ) (the interval centered on 48.5). 

due to other transitions. This is the first time such 
a narrow absorption feature has been observed in the 
spectrum of lA 1744—361, making this source another 
example of a dipping LMXB which shows narrow ab- 
sorption features. Because of the ubiquity of these fea- 
tures, it has been suggested that all LMXBs should ex- 
hibit them and that they are predominately observed 
from dipping LMXBs because their relatively edge on ge- 
omet r y facilitates such m easurements (Dfaz Trigo ^ al.l 
l2006t iBoirin et al.ll2005[ ). Our discovery of such a fea- 
ture in this dipping LMXB definitely corroborates that 
hypothesis. 

The feature we have detected is consistent with the 
wavelength of the Fe XXVI n = 2 — 1 transition to the 
wavelength accuracy of the detector. We place an up- 
per limit on the velocity of a redshifted flow of f < 
221 km s^^. In the combined spectrum, the line is well 
resolved, and we measure a line width of IS.E = 15.5 ± 
2.3 eV. Under the assumption that the line is broadened 
due to thermal effects, the measured line width corre- 
sponds to a dynamic temperature kT — 254 ± 2 keV. 
Using this temperature we performed a curve-of-growth 
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analysis for Fe XXVI and determined a column density 



for Fe XXVI of Npc xxvi = 7.4 



+1.1 

1.0 



This 



column density is comparable to that found fo r other dip- 
ping LMXBs. For example, for XB IQie-OSS lTaria et all 
(|20QQ) found iVpcXXVi = 6.6 x 10^^ cm'^. We note 
however, that they used the linear approximation of the 
COG, i.e., for low column densities Equation [3] reduces 
to We ~ {nfe'^/hmiCjN. However from Fig. [3] our fea- 
tures appears to lie beyond the linear regime. Unlike 
XB 1916—053 we do not find statistical evidence for a 
feature at the Fe XXV energy, indicative of the pres- 
ence of a highly ionized absorber for lA 1744—361. Our 
upper limit on the equivalent width on an underlying 
Fe XXV feature places a lower limit on the ionization 
parameter of ^ > 10^'^ erg cm s""'^, as determined by 
our XSTAR simulations. We can not state with certainty 
that lA 1744—361 is more highly ionized than other dip- 
ping LMXBs where both the Fe XXV and Fe XXVI are 
present because our lower limit on ^ is not above the val- 
ues found for those sources, in particular XB 1916—053 
and 4U 1323 -62 which had logg = 4.15 and log £ = 3.9, 
respectively ()Iaria et al.ll2006l : iBoirin et al.ll2005l ). 

lA 1744—361 is a prohfic dipper, we have identified a 
total of 11 dips episodes in the RXTE da ta and 1 in the 
CXO data. iBhattacharvva et al.l (|2006ar ) determined an 
orbital period of 97±22 minutes from two consecutive dip 
episodes, however a data gap made it uncertain whether 
this was the true orbital period or a multiple thereof. 
In § 12.31 we propose that if the dips occur within a par- 
ticular range of orbital phases, then the source's orbital 
period is more likely to be ne ar half the value reported by 
IBhattacharvva et al.l ()2006af) . specifically P — 52±5 min. 
Some of lA 1744-361 's dips, as observed by RXTE, are 
lo ng and exhibit a gre a t deal of structure, see Fig. 4 
of IBhattacharvva et al.l ()2006a[ ). for example. Unfortu- 
nately, in our CXO observations we observed a single 
short (2-s long) dip. With additional data from imaging 
telescopes such as CXO, it would be interesting to com- 
pare the spectral properties of lA 1744—361 during dip- 
ping and non-dipping intervals. Variations in the proper- 
ties of any observed narrow absorption lines would pro- 
vide information about the structure and evolution of the 
material around the neutron star. S uch an analy s is was 
possible for 4U 1323-62, for which iBoirin et alJ (|2005l ) 
found that the ionization parameter of 4U 1323—62 var- 
ied between dipping and non-dippi ng intervals. 

In P GA data of lA 1744-361 IBhattacharvva et all 
(|2006bf l discovered a broad (0.6 keV) Fe emission line 
at 6 keV. The fact that this feature wa s below 6.4 keV 
prompted IBhattacharvva et al.l (|2006bl ) to predict that 
there might be an absorption feature at ^^7 keV that was 
unresolved due to RXTE's course spectral resolution. No 
broad emission feature were observed in the individual or 



combined CXO observations, however this could be due 
to the smaller area of CXO as compared to RXTE. By 
combining additional observations one may be able to 
observe both the Fe emission feature and the Fe XXVI 
feature in lA 1744—361. In deed, such a measu rement 
was made for 4U 1323-62 bv IBoirin etlHI (|2005| ). using 
XMM-Newton. If future high spectral resolution obser- 
vations of lA 1744—361 reveal such an emission feature, 
and it is relativistically broadened, then such measure- 
ments can potentially constrain the compactness of the 
star. 

4. CONCLUSIONS 

We present CXO HETG observations of lA 1744-361 
during its latest outburst, in which we have discovered 
a significant absorption feature at 6.961±0.002 keV in 
its persistent emission. We identify this feature as a 
Fe XXVI line, analogous to those seen in other dipping 
LMXBs. The width of the fine was found to be A£' = 
15.5 ± 2.4 eV, which corresponds to a dynamic tempera- 
ture of kT — 254±2 keV. We place an upper limit on the 
velocity of a redshifted flow of w < 221 km s""'^. The line 
had an equivalent width of We — 27^3 eV, for which we 
find a column density of iVpcxxvi = 7±1 x 10"'^^ cm~^ via a 
GOG analysis. We place an upper limit on the ionization 
parameter of ^ < 10^'^ erg cm s~^. All these values are 
consistent with the Fe XXVI features seen in other dip- 
ping LMXBs. Using additional RXTE ddXa, we generated 
an updated color-color diagram for the source, which con- 
firms the suggestion of lBhattacharvva et al.l (|2006b( ) that 
this source is an "atoll" source. We report two bursts 
in addition to the one reported bv IBhattacharvva et al.l 
(j2006a). Performing a "dip" timing analysis, and un- 
der the assumption that dips only occur at a particular 
range of orbital phases, we find that P =52±5 minutes is 
the most likely orbital period, n early h alf the frequency 
found by IBhattacharvva et all (|2006aD . lA 1744-361 
has demonstrated many of the properties of a canonical 
dipper, however, because it not as well sampled as the 
others, many of its parameters remain unconstrained. 
Further observations with RXTE and CXO during its 
next outburst are definitely warranted. 



We thank G. B. Markwardt for useful discussions and 
for providing support for his numerical integration al- 
gorithm. This work has been supported by NASA via 
an ADP grant and a Chandra Guest Observer grant, as 
well as by the National Science Foundation (US NSF 
grant AST 0708424) . This research has made use of data 
obtained through the High Energy Astrophysics Science 
Archive Research Genter Online Service, provided by the 
NASA/Goddard Space Fhght Genter. 



REFERENCES 



Bhattacharyya, S., Strohmayer, T. E., Markwardt, C. B., & Swank, 

J. H. 2006a, ApJ, 639, L31 
Bhattacharyya, S., Strohmayer, T. E., Swank, J. H., &; Markwardt, 

C. B. 2006b, ApJ, 652, 603 
Boirin, L., Mendez, M., Di'az Trigo, M., Parmar, A. N., & Kaastra, 

J. S. 2005, A&A, 436, 195 
Boirin, L., Parmar, A. N., Barret, D., Paltani, S., & Grindlay, J. E. 

2004, A&A, 418, 1061 



Canizares, C. R., Davis, J. E., Dewey, D., Flanagan, K. A., Galton, 
E. B., Huenemoerder, D. P., Ishibashi, K., Markert, T. H., 
Marshall, H. L., McGuirk, M., Schattenburg, M. L., Schulz, N. S., 
Smith, H. I., & Wise, M. 2005, PASP, 117, 1144 

Carpenter, G. F., Eyles, C. J., Skinner, G. K., Wilson, A. M., & 
Willmore, A. P. 1977, MNRAS, 179, 27P 

Davison, P., Burnell, J., Ives, J., Wilson, A., & Carpenter, G. 1976, 
lAU Circ, 2925, 1 

Diaz Trigo, M., Parmar, A. N., Boirin, L., Mendez, M., & Kaastra, 
J. S. 2006, A&A, 445, 179 



8 



Gavriil et al. 



Emelyanov, A. N., Aref'ev, V. A., Churazov, E. M., Gilfanov, 

M. R., & Sunyaev, R. A. 2001, Astronomy Letters, 27, 781 
Prank, J., King, A. R., & Lasota, J.-P. 1987, A&A, 178, 137 
laria, R., Di Salvo, T., Lavagetto, G., Robba, N. R., & Burderi, L. 

2006, ApJ, 647, 1341 
Kallman, T. & Bautista, M. 2001, ApJS, 133, 221 
Kotani, T., Ebisawa, K., Dotani, T., Inoue, H., Nagase, P., TanaJsa, 
Y., & Ueda, Y. 2000, ApJ, 539, 413 



Parmar, A. N., Oosterbroek, T., Boirin, L., & Lumb, D. 2002, A&A, 
386, 910 

Rybicki, G. B. & Lightman, A. P. 1979, Radiative Processes in 
Astrophysics (New York: Wiley) 



